Senescence is a form of cell cycle arrest induced by stress such as DNA damage and oncogenes. However, while arrested, senescent cells secrete a variety of proteins collectively known as the senescence-associated secretory phenotype (SASP), which can reinforce the arrest and induce senescence in a paracrine manner. However, the SASP has also been shown to favor embryonic development, wound healing, and even tumor growth, suggesting more complex physiological roles than currently understood. Here we uncover timely new functions of the SASP in promoting a proregenerative response through the induction of cell plasticity and stemness. We show that primary mouse keratinocytes transiently exposed to the SASP exhibit increased expression of stem cell markers and regenerative capacity in vivo. However, prolonged exposure to the SASP causes a subsequent cell-intrinsic senescence arrest to counter the continued regenerative stimuli. Finally, by inducing senescence in single cells in vivo in the liver, we demonstrate that this activates tissue-specific expression of stem cell markers. Together, this work uncovers a primary and beneficial role for the SASP in promoting cell plasticity and tissue regeneration and introduces the concept that transient therapeutic delivery of senescent cells could be harnessed to drive tissue regeneration.
. Therefore, this supports how aging and decreased regeneration may in part result from senescence and tumor-suppressive mechanisms.
Recently, however, beneficial roles for senescence have been emerging, often mediated through the SASP. In the developing embryo, senescent cells are suggested to contribute to tissue development and patterning through both remodeling mediated by senescent cell clearance and tissue growth and patterning through the SASP (Munoz-Espin et al. 2013; Storer et al. 2013 ). In addition, senescent cells recruit immune cells and limit fibrosis during wound healing and contribute to wound repair through the secretion of growth factors (Krizhanovsky et al. 2008; Jun and Lau 2010; Demaria et al. 2014) . However, these same beneficial effects on tissue growth and patterning can have unwanted side effects through promoting tumor growth and progression (Krtolica et al. 2001; Yoshimoto et al. 2013) .
Reconciling these beneficial and detrimental aspects of the senescence program has been difficult. Here, we describe how transient exposure to the SASP can promote tissue regeneration. However, prolonged exposure leads to a subsequent cell-intrinsic arrest, likely as a tumor-suppressive response to aberrant regeneration. This work uncovers important mechanistic insights into the biological function of senescence.
Results
To explore the senescence program in epithelial cells, we performed microarray analysis on primary mouse keratinocytes undergoing oncogene-induced senescence (OIS) from the expression of oncogenic HRas V12 . As expected, senescent keratinocytes exhibited hallmark features of senescence, including decreased proliferation, a large flat appearance, increased senescence-associated β-galactosidase (SA-β-Gal) activity, and increased expression of p53, p21, and p16 (Supplemental Fig. 1a-d) . Analysis of the microarray signature revealed that other known mediators of senescence and the SASP were also increased, including p15 (Cdkn2b), Il1a, and Hmga2 (Fig. 1A) . Surprisingly, however, senescent cells also exhibited increased expression of many genes normally associated with somatic and cancer stem cells, including CD34, Lgr6, Prom1, CD44, Ngfr, and Nestin (Fig. 1A) . This was further supported by bioinformatics and gene set enrichment analysis (GSEA) using Genomatix software and published signatures of common stem cell populations ( Fig. 1B,C ; for full gene lists, see Supplemental Table 1 ; Blanpain et al. 2004) . To validate this signature, we performed quantitative PCR (qPCR) analysis for selected skin stem cell genes in senescent cells up to 2 wk after infection (Fig. 1D ). As before, we found increased expression of many of these, including CD34, Nestin, Lrig1, and Lgr6 as well as other hair follicle stem cell (HFSC) genes (Supplemental Fig. 1f ). Similar observations were also noticed in the primary control cells, which undergo senescence-like changes upon prolonged culture, including adopting a senescent-like morphology and exhibiting increased expression of p16 (Supplemental Fig. 1e,h) . Surprisingly, these cells also displayed an increase in the same stem cell genes, although at lower levels than seen in OIS (Supplemental Fig. 1e,g ). Supporting the unanticipated link between senescence and stemness, when senescence was induced in additional ways, including treatment of cells with the chemotherapeutic drug etoposide or irradiation, the cells also displayed an increase in the same stem cell genes while undergoing senescence (Fig. 1E-F) .
Furthermore, in agreement with the transcript profile, upon OIS induction, we found a significant increase in the number of newborn keratinocytes that were doublepositive for CD34 and integrin-α6 proteins, which label a distinct population of HFSCs ( Fig. 2A ; Supplemental Fig. 2a ; Blanpain et al. 2004; Jensen et al. 2010) . Interestingly, newborn keratinocytes do not yet express these stem cell markers, which become expressed after establishment of the hair cycle in the adult, suggesting that these markers are being induced de novo during senescence induction (Supplemental Fig. 2b-d) . Remarkably, however, even though there was an increase in stemness-associated markers, these cells were still undergoing proliferative arrest, as measured by a progressive decrease in proliferation (Supplemental Fig. 1c ) and a loss of clonogenic capacity in the total (Fig. 2B,C) and double-positive CD34/integrin-α6 cells ( Fig. 2D; Supplemental Fig. 2e ). Indeed, qPCR analysis on the double-positive CD34/integrin-α6 population showed that these cells were not escaping senescence but expressed high levels of the senescence markers p16 and p21 ( Fig. 2E; Supplemental Fig.  2f ). Together, these results demonstrate that senescent cells, while undergoing senescence arrest and loss of clonogenicity, paradoxically exhibit increased markers normally associated with stemness.
To investigate this unexpected connection between senescence and stem cells in vivo, we explored the incidence and distribution of senescence in papillomas that were induced with DMBA/TPA treatment, an in vivo model of OIS. Upon examination of established papillomas for SA-β-Gal activity, no staining was detectable in the epithelial layers of the tumor, with the strongest reactivity found in the underlying dermal tissue and some regions of the papilloma stroma ( Fig. 3A-H ). However, a thorough analysis of the expression patterns of known senescence markers-including p16, p21, p19, p53, γH2AX, and Ki67-by immunohistochemistry demonstrated high expression of these proteins in the epithelial cells and the underlying dermis, with a more diffuse expression in the stroma of the benign lesion ( Fig. 3I -K, Supplemental Fig. 3a-c) . Papilloma arises from the aberrant upward expansion and differentiation of CD34 + stem cells in the basal and early differentiating layers of the epithelial papilloma ( Fig. 3L ; Malanchi et al. 2008; Lapouge et al. 2012) . Detailed quantification of the distribution of the senescence markers revealed that these were most highly expressed in these same stem cell layers ( Fig. 3M; Supplemental Fig. 3d) . Interestingly, the basalinitiating layer of the papilloma contained cells that were positive for both proliferation markers (such as Ki67 or PCNA) and senescence markers, suggesting a dynamic process of aberrant proliferation and subsequent arrest (Supplemental Fig. 3g-i) . Given this result, we extended our analysis to another model of in vivo OIS in the pancreas, where activation of mutant KRas G12D drives senescence and premalignant pancreatic intraepithelial neoplasia (PanIN) lesions (Morton et al. 2010) . Detailed histological analysis of these tissues revealed increased expression of senescence markers, including SA-β-Gal, p21, and p53, concomitant with deceased proliferation (Supplemental Fig. 4) . Interestingly, here also there was increased activation of the stem cell markers CD44 and Nestin in these senescent lesions. Altogether, this Table 1 ). (C) GSEA of stem cell genes (Blanpain et al. 2004) in the gene expression profile of Ras-induced senescent keratinocytes. (NES) Normalized enrichment score. (D) qPCR analysis for skin stem cell and senescence genes in Ras-infected keratinocytes at 4-14 d post-infection (dpi) normalized to vector-infected keratinocytes at 4 dpi. n = 4, except for 14 dpi (n = 3). (E) qPCR analysis of etoposide-treated keratinocytes 3-5 d after treatment normalized to DMSO-treated keratinocytes 3 d after treatment. n = 5, except for day 5 (n = 3). (F) qPCR analysis of irradiated keratinocytes (12 Gy) 5 and 10 d after irradiation normalized to keratinocytes before irradiation. n = 2. (D-F) Error bars indicate mean ± SEM. ( * ) P < 0.05; ( * * ) P < 0.01; ( * * * ) P < 0.001), two-tailed Student's t-test.
demonstrates that also in vivo in models of premalignant lesions, there is a pronounced association of stem cell markers in senescent cells.
To investigate whether cells that show increased expression of stem cell markers in culture while undergoing senescence might be escapers from the senescence program or function as stem cells, we used an in vivo assay to assess the properties of these cells. To address this, we performed skin grafting assays, a test of HFSC function in which freshly isolated newborn keratinocytes or purified adult CD34 + HFSCs are grafted along with dermal fibroblasts into full-thickness wounds in the back of nude mice (Blanpain et al. 2004; Jensen et al. 2010 ). This results in large patches of hair follicles that develop directly from the transplanted cells (Supplemental Fig. 5a ), whereas if the keratinocytes are placed in culture prior to transplantation, they lose their regenerative capacity, generating only pigmented scar tissue (Supplemental Fig. 5b ). We investigated whether keratinocytes expressing the HRas V12 oncogene and increasing expression of the stem cell markers could function as HFSCs in vivo by transplanting GFP + HRas V12 -infected keratinocytes undergoing senescence. Remarkably, this resulted in the generation of a papilloma that was histologically and molecularly similar to the DMBA/TPA ones, including exhibiting similar patterns of senescence protein expression in the epithelial layers as well as possessing an aberrant layer of CD34 + cells (Supplemental Fig. 5c-j) . Indeed, most of the papilloma consisted of GFP + senescent cells, suggesting that, even in vivo, senescing cells with increased stem cell markers remained senescent. Interestingly, however, while most of the papilloma was GFP + (likely arising from the proliferation of not-fully senescent cells), it contained small regions that were clearly negative for GFP, suggesting that endogenous keratinocytes were being recruited into a premalignant fate ( Fig. 3N-Q) .
Given this coexpression of senescence and stem cell genes, we investigated whether these were functionally linked. To address this, we assessed the expression of these same stem cell genes upon disruption of key senescence regulators-including cell cycle inhibitors p53, p16, and p21-and SASP mediators NFKB, CEBPB, IL1A, and + stem cells in Ras-or vector-infected keratinocytes at 7, 10, and 14 dpi. n = 3. (B,C ) Representative images of colony-forming assays of vector-infected keratinocytes at 7 dpi and Ras-infected keratinocytes at 7 and 14 dpi (B) and quantification of numbers of colonies of Ras-infected keratinocytes at 7 and 14 dpi normalized to colonies of vector-infected keratinocytes at 7 dpi (C). n = 5, except for 14 dpi (n = 3). (D) Quantification of the numbers of colonies of sorted α6-integrin + /CD34 + cells from Ras-infected keratinocytes at 14 dpi normalized to colonies of sorted α6-integrin
+ cells from adult epidermis. n = 3. (E) qPCR analysis of sorted α6-integrin
+ from Ras-infected keratinocytes at 14 dpi normalized to vector-infected keratinocytes at 4 dpi. n = 2, except for CD34 − (n = 3). (A,C,D,E) Error bars indicate mean ± SEM ( * ) P < 0.05; ( * * ) P < 0.01; ( * * * ) P < 0.001, two-tailed Student's t-test.
p38. As expected, knockdown of the cell cycle inhibitors now blocked the proliferation arrest and allowed senescence bypass/proliferation. Surprisingly, however, loss of these genes had little or no effect on the increased expression of the stem cell genes, which persisted after senescence bypass either transiently (after p53 loss) (Supplemental Fig. 6e ) or long-term upon prolonged culture (after p16 or p21 loss) (Fig. 4A; Supplemental Fig. 6c, f) . This is clearly seen in cells in which cell cycle inhibitor p16 was knocked down, as these retained high levels of all of the analyzed stem cell genes, including CD34/ α6 integrin-positive cells, yet regained colony-forming capacity ( Fig Next, we investigated whether knockdown of the SASP regulators affected stem cell gene expression. Interestingly, here knockdown of RelA/NFKB caused a decrease in the expression of many of the stem cells genes (Fig. 4D ), while loss of CEBPB, IL1A, and p38 had no effect (Supplemental Fig. 7 ). This was further validated when the NFKB pathway was inhibited with expression of a constitutively activated repressor of the pathway (Fig. 4E) . In each instance, inhibition of the NFKB pathway had no effect on the senescence phenotype or proliferative arrest of the cells (Supplemental Fig. 7a ). Together, this suggests that the senescence-associated increase in stem cell gene expression is regulated in part by the NFKB-mediated arm of the SASP, while proliferation of cells expressing aberrant activation of stem cell markers is blocked by tumor suppressor genes.
Based on this, we functionally investigated whether the SASP is linked to the increased expression of stem cell genes. To investigate this hypothesis, we took conditioned medium (CM) from vector-infected growing cells (VCM) or OIS keratinocytes (OIS-CM) and added it to proliferating newborn primary mouse keratinocytes (PMKs) during a short-term period (2 d) (Fig. 5A) . Remarkably, transient exposure to OIS-CM led to a marked increase in the same stem cell genes as before, demonstrating that the SASP can induce stem cell gene expression (Fig. 5B ). Additionally, when tested in colonyforming assays, cells that had been transiently exposed to the SASP exhibited increased clonogenic capacity (Fig. 5C ). Importantly, increased stem cell markers and colony formation were also seen in cells that were treated with CM from irradiation-induced senescent keratinocytes (Supplemental Fig. 8a ). Next, we assessed whether the SASP-treated cells possessed any functional properties of stem cells in vivo. To examine whether the SASP-treated cells possessed stem cell function, we transplanted GFP + cells that had been exposed to VCM or OIS-CM into full-thickness grafts. As expected, the grafts containing keratinocytes treated with VCM healed over, presenting mostly with pigmented scar tissue and sparse individual hair follicles (Fig. 5D,E) . Remarkably, however, the grafts containing cells that had been transiently treated with OIS-CM developed large thick patches of hair (Fig.  5D,E) . Importantly, staining of the grafts for GFP to trace the transplanted cells confirmed that there was a significant increase in the number of hair follicles following exposure to the SASP and that most of the hair follicles were coming from the SASP-treated GFP + cells (Fig. 5F,G) . This demonstrates that the SASP can induce cellular plasticity and stemness, promoting tissue regeneration.
As transient exposure to the SASP induces stemness and regeneration, we asked whether longer exposure to the SASP would amplify these properties. Accordingly, PMK were treated with VCM or OIS-CM for longer time periods. We found that the increased expression of HFSC genes after a transient exposure to the SASP for 2 d was increased further upon repeated exposure to the same SASP for 6 d ( Fig. 5H; Supplemental Fig. 8b ). Interestingly, this increased expression seemed to be dependent on the SASP and not the length of time in culture, as removal of the OIS-CM after 2 d resulted in restoration of baseline levels of the stem cell genes (Supplemental Fig.  8c) . Surprisingly, however, with repeated exposure, the recipient cells now exhibited intrinsic features of senescence, including proliferative decline and increased expression of p16 and SA-β-Gal (Fig. 5H-J) , similar to paracrine senescence induced upon long-term exposure to the SASP (Acosta et al. 2013) . Additional analysis demonstrated that the CD34-positive cells now expressed the cell cycle inhibitor p19 and that the entire population was not apoptotic and had lost the ability to form colonies in clonogenic assays (Supplemental Fig.  8d-f ). This suggests that the intrinsic cell cycle arrest of senescence may be activated as a tumor-suppressive mechanism to block proliferation of cells with enhanced plasticity.
Together, these data demonstrate that transient exposure to the SASP can be beneficial in inducing cell plasticity and regeneration, whereas prolonged exposure could lead to paracrine and cell-intrinsic senescence arrest. To find support for this in an in vivo setting, we examined a previously described model of transposonmediated intrahepatic gene transfer to stably deliver oncogenic Ras coexpressing GFP, which induces senescence in single adult hepatocytes in murine livers (Kang et al. 2011) . These senescent cells are subsequently cleared by the immune system, while delivery of an inactive effector loop mutant form of Ras that is incapable of signaling to downstream pathways fails to induce senescence and circumvents the clearance. As described, delivery of oncogenic NRas G12V caused induction of senescence markers in individual hepatocytes ( Fig. 6A; Supplemental Fig. 9a ). When we examined the surrounding tissue for previously described markers of stem and cancer stem cells in the liver, we found increased expression of CD44 in cells immediately adjacent to senescent cells, which was not seen in the inactive Ras-expressing hepatocytes ( Fig.  6B ; Supplemental Fig. 9b ). While CD44 is a well-known marker of cancer stem cells, here we cannot exclude that it may also be labeling macrophages or other immune cells. In addition, expression of oncogenic Ras led to a dramatic increase in expression of Nestin in the surrounding tissue, which was also absent from the inactive control ( Fig. 6C; Supplemental Fig. 9c ). As Nestin is also a well-described mediator of stemness and plasticity in the liver (Tschaharganeh et al. 2014 ), this further supports that the SASP can induce stem cell properties in surrounding tissue.
Discussion
Collectively, our study uncovers a novel and fundamental biological function of senescence and the SASP. We identified how transient exposure to the SASP can provide regenerative signals that induce cell plasticity and stemness, which are beneficial for tissue regeneration (Fig. 7) . However, prolonged or aberrant exposure to the SASP subsequently provokes a cell-intrinsic senescence block to these growth-promoting signals, resulting in paracrine senescence responses and decreased regenerative capacity (Fig. 7) .
Altogether, these findings help to reconcile previously described beneficial and detrimental attributes of senescent cells. This study adds to the growing body of work demonstrating beneficial roles for the SASP, including during embryonic development (Munoz-Espin et al. 2013; Storer et al. 2013 ) and wound repair (Krizhanovsky et al. 2008; Jun and Lau 2010; Demaria et al. 2014 ) through a previously undescribed plasticity-inducing action. Indeed, we propose a model in which senescent cells act as niche-like signaling centers in which the damaged cell prevents its own continued proliferation and produces a SASP that activates the immune system to promote its own clearance (Xue et al. 2007; Acosta et al. 2008; Kuilman et al. 2008; Kang et al. 2011 ). In addition, the senescent cell produces extracellular matrix (ECM) and growth factors to facilitate repair and growth (Coppe et al. 2006; Krizhanovsky et al. 2008; Demaria et al. 2014) , while, as we now describe, the SASP also induces plasticity and stemness in neighboring cells, which can replace the cleared senescent cell and promote tissue regeneration. Therefore, in an unperturbed setting, this would act beneficially to restore homeostasis and regeneration while eliminating damaged or aged cells.
However, when this process is perturbed with excessive accumulation or impaired clearance of senescent cells, as is seen during aging and premalignant lesion formation, the consequences of aberrant senescence induction become obvious and likely depend on the duration or strength of the SASP exposure and the status of the target cell. Indeed, when the clearance of senescent cells is perturbed, pronounced SASP exposure leads to tumor formation and progression (Krtolica et al. 2001; Kang et al. 2011; Rodier and Campisi 2011; Yoshimoto et al. 2013) or paracrine senescence and aging (Baker et al. 2011; Acosta et al. 2013) .
Our study also suggests that paracrine senescence induction by the SASP (Acosta et al. 2013 ) might include a cell-intrinsic arrest to counter abnormal or prolonged regenerative stimuli. In this case, the recipient cells likely identify this extended regeneration as protumorigenic and activate cell-intrinsic tumor-suppressive mechanisms as a counteractive protection. This further supports the theory that both the loss of the ability in mammals to regenerate tissues and organs and the decline in tissue function seen during aging might be the result of cell-intrinsic senescence and tumor suppression (Janzen et al. 2006; Krishnamurthy et al. 2006; Molofsky et al. 2006; Sharpless and DePinho 2007; Sousa-Victor et al. 2014; Garcia-Prat et al. 2016) .
The SASP has also been shown to promote tumor formation in a number of settings (Krtolica et al. 2001; Kang et al. 2011; Rodier and Campisi 2011; Yoshimoto et al. 2013) . Our data develop these findings, suggesting that NFKB-mediated SASP exposure might contribute to plasticity during tumor formation through dedifferentiation and amplification of the stem cell of origin, as has been demonstrated previously in colon cancer models (Myant et al. 2013; Schwitalla et al. 2013 ). In addition, SASP effects could result in an expansion of stem cell numbers, thereby increasing the likelihood that these cells could acquire mutations or favor the induction of cells to reside in a more plastic undefined state that might be more susceptible to transformation (Tschaharganeh et al. 2014; Varga et al. 2014 ). This could help explain how senescence can favor tumor formation during aging, and it will be interesting to determine whether age-associated in vivo senescence has similar effects on plasticity induction.
During tumor formation, dysregulation of tissue-specific stem cells often contributes to cancer stem cell properties. Our data support the notion that regenerative attempts might promote de novo instruction of stem cells, which could then progress to cancer stem cells upon deregulation or mutation. For example, while CD34-positive cells are primary regulators of HFSCs in the skin, they are also the cells of origin and tumor-propagating cells in squamous cell carcinoma upon loss of p53-mediated arrest (Lapouge et al. 2012) . Additionally, Nestin is a marker of stem cells in many tissues, including the brain and skin, yet aberrant activation of Nestin in liver tumors drives cell plasticity and malignancy (Li et al. 2003; Toma et al. 2005; Tschaharganeh et al. 2014; Neradil and Veselska 2015) . Furthermore, while NFKB is a potent mediator of age-and tumor-associated inflammation and dedifferentiation, it also contributes to HFSC regeneration upon skin wounding (Chen et al. 2015) and is a key driver of hair follicle initiation and development (Schmidt-Ullrich et al. 2001; Zhang et al. 2009 ), further supporting how NFKB-mediated processes regulating normal tissue development and regeneration can contribute to tumor formation and cancer stem cell fate when misregulated (Myant et al. 2013; Schwitalla et al. 2013) . It is also interesting here that cells that bypass senescence arrest through knockdown of p16 still retain expression of the stem cell signature and now exhibit increased clonal growth capacity, suggesting that escape from senescence may lead to more aggressive cancer stem cell properties mediated by NFKB and a retained SASP. Indeed, this is supported by previous studies demonstrating that cells that escape from chemotherapy-induced senescence can acquire cancer stem cell properties (Achuthan et al. 2011) .
This study also contributes to our understanding of the role of senescence in papilloma and presents a tractable model to study papilloma development independently of the longer two-stage DMBA/TPA skin carcinogenesis protocol (Balmain et al. 1984; Kemp 2005; Abel et al. 2009 ). Interestingly, the senescence-causing HRas V12 mutation is induced in vivo with the DMBA/TPA procedure, which develops from an aberrant expansion of CD34 + tissue stem cells (Morris 2004; Malanchi et al. 2008; Abel et al. 2009; Lapouge et al. 2012) . However, what causes the accumulation of stem cells and papilloma induction as well as the potential contribution of senescent cells remain unclear. Our results suggest that papilloma formation in the DMBA-TPA model arises through multiple events. Keratinocytes harboring the mutation can clonally amplify and produce a SASP that enhances stemness in neighboring keratinocytes while progressing to become terminally differentiated and senescent. However, simultaneously, there is a pronounced induction of senescence in the dermal fibroblasts, suggesting that the SASP from these cells might also contribute to the dedifferentiation and amplification of the overlying keratinocyte stem cells. While papilloma has been described as an in vivo model of senescence, it was unexpected that the epithelial keratinocytes would not stain positive for SA-β-Gal in vivo, yet again raising interesting discussions regarding the identification of senescent cells. However, given that these cells express many additional senescence markers (including p16, p19, p21, and p53) and have lost proliferation markers as well as the fact that it is possible to undergo senescence without expression of SA-β-Gal (Lee et al. 2006) , it seems reasonable that they can still be described as senescent.
Overall, however, our discovery that timely controlled exposure to the SASP can directly promote tissue regeneration identifies important new biological underpinnings for the senescence program, supporting the idea that senescence is primarily a beneficial and regenerative process. However, when perturbed, this can have detrimental effects seen during tumor formation and aging. This also suggests that a better understanding of the underlying Figure 7 . Schematic diagram illustrating transient and chronic exposure to SASP. Transient or low-level exposure to the SASP (dashed arrows) is beneficial, inducing plasticity and regeneration. However, prolonged or chronic exposure to the SASP (solid arrows) induces increased stemness, which is blocked by paracrine senescence arrest. mechanisms might be harnessed for functional regeneration of tissues and organs.
Materials and methods

Animal use
Wild-type C57Bl6/J, p53 -/-, p21 -/-, FVB/N, β-Actin GFP reporter, and Swiss Nude mice were housed in accordance with the Ethical Committee for Animal Experimentation (CEEA) of the Government of Catalonia. Papillomas were generated as described previously (Abel et al. 2009 ). Briefly, shaved dorsal back skin of seven to nine w FVB/N female mice was treated with a single dose of 100 nM DMBA (Sigma-Aldrich) and subsequent twice-weekly applications of 6.8 nM TPA (Sigma-Aldrich) for a period of up to 20 wk. Hair reconstitution assays were performed as described previously (Jensen et al. 2010) . PanIn lesions were obtained from Pdx1-Cre; LSL-KrasG12D/+ mice as described in Morton et al. (2010) . To induce senescence in single cells in the liver, transposable constructs of oncogenic Nras (Nras G12V -IRES-GFP) or an inactive effector loop mutant of Nras (Nras G12V/D38A -IRES-GFP) were injected into livers as described in Kang et al. (2011) .
Tissue culture
Primary mouse keratinocytes and dermal fibroblast cultures were established from 1-to 2-d-old mice. Retrovirus was produced by transiently transfecting the Phoenix packaging cell line (G. Nolan, Stanford University, Stanford, CA) with MSCV or HRas V12 , and cells were infected with virus twice for 2 h, drug-selected in 1 µg/mL puromycin for 48 h, and maintained for up to another 4-14 d prior to analysis. For double infections, keratinocytes were infected three times for 2 h with retrovirus (produced by transient transfection with HRas V12 , MLP, shp16 I, shp16 II, shRelA I, shRelA II, NFκB superrepressor, shCEBPβ, shIl1α, and shp38α), drug-selected in 1 µg/mL puromycin for 48 h followed by a second drug selection in 25 µg/mL hygromycin for 48 h, and maintained for 6-14 d prior to analysis. Keratinocytes were treated with 100 nM etoposide (Sigma) for 48 h and then kept in normal medium or exposed to 12 Gy of irradiation. For proliferation, BrdU was added to cultured keratinocytes for 16 h, and detection was performed using a BrdU in situ detection kit (BD Pharmingen) as per the manufacturer's protocol. SA-β-Gal activity was detected in cultured cells as described previously (Dimri et al. 1995) . Colony-forming assays were performed as described previously (Jensen et al. 2010) . The following sequences of shRNAs were taken from Fellmann et al. (2013) : shp16 I (TGCTGTTGACAGT GAGCGCTGGCATGAGAAACTGAGCGAATAGTGAAGCC ACAGATGTATTCGCTCAGTTTCTCATGCCATTGCCTAC TGCCTCGGA), shp16 II (TGCTGTTGACAGTGAGCGCAG CAGCTCTTCTGCTCAACTATAGTGAAGCCACAGATGTA TAGTTGAGCAGAAGAGCTGCTATGCCTACTGCCTCGG A), shCEBPβ (TGCTGTTGACAGTGAGCGCCCGTTTCGAGC ATTAAAGTGATAGTGAAGCCACAGATGTATCACTTTAA TGCTCGAAACGGATGCCTACTGCCTCGGA), and shIl1α (T GCTGTTGACAGTGAGCGCCAGGATGTGGACAAACACT ATTAGTGAAGCCACAGATGTAATAGTGTTTGTCCACAT CCTGATGCCTACTGCCTCGGA). Sequences for shRelA I and shRelA II were obtained from Mirimus, Inc.
Immunohistochemistry and immunofluorescence
Papillomas were fixed in 4% PFA either overnight or for 10 min at room temperature and washed in PBS, and then tissues were processed for paraffin or OCT embedding and hematoxylin and eosin (H&E) staining. Skin grafts were fixed in 4% PFA for 12 min at room temperature, washed in PBS, and embedded in OCT, and 60-µm sections were cut. Immunohistochemistry and immunofluorescence analysis was performed using standard procedures. Antigen retrieval, where necessary, was performed by boiling deparaffinized sections for 20 min in 0.01 M citric acid buffer (pH 6.0). Primary antibodies were incubated overnight at 4°C, and secondary antibodies were incubated for 1 h at room temperature in 1% serum and 0.1% Triton-X in PBS. Sections were treated with streptavidin-biotin-peroxidase (VectaStain Elite, Vector Laboratories), and immune complexes were visualized with diaminobenzidine (Vector Laboratories) as per the manufacturer's protocol. The following primary antibodies were used at the indicated dilutions: anti-p16 ( , and cleaved Caspase-3 (1:400; Cell Signaling, 9661L). Biotin or Alexa-conjugated secondary antibodies (VectaStain Elite or Molecular Probes) were used at a dilution of 1:2000-1:500. Representative pictures were acquired with a Leica DMI 6000B microscope. For SA-β-Gal staining in solid tissue, premalignant lesions whole-mount-stained with SA-β-Gal were fixed in 4% PFA overnight at 4°C, and 10-µm paraffin sections were cut.
CM
CM was collected and filtered from MSCV-or Hras V12 -infected primary mouse keratinocytes 7 d post-infection (dpi) or from untreated or irradiated keratinocytes 7 d after irradiation and added to primary mouse keratinocytes every 24 h for up to 6 d. For hair reconstitution assay, the CM was collected, filtered, and pooled from primary mouse keratinocytes infected with either MSCV or Hras V12 at 6-8 dpi and normalized with fresh medium according to cell number.
Flow cytometry
Epidermal cells were isolated from the dorsal back skin of adult C57Bl6/J mice or 1-to 2-d-old mice. Cultured keratinocytes were isolated through incubation with 0.05% trypsin for 10 min at 37°C followed by inactivation of trypsin by the addition of DMEM containing 10% serum and centrifugation at 1000 rpm for 7 min. Cell suspensions were incubated for 60 min on ice with the following antibodies at the indicated dilutions: APC-conjugated or FITC-conjugated anti-CD34 (1:200; BD Pharmingen, clone RAM34), FITC-conjugated anti-α6-integrin (1:200; Serotec, CD49f clone NKI-GoH3), and APC-conjugated lineage antibody cocktail (1:200; BD Pharmingen). Keratinocytes were sorted on the basis of single cellularity, viability (DAPI), and/or CD34/CD49f status. FACS purification was performed on a FACS Aria system equipped with FACS DiVa software (BD Biosciences). FACS analysis was performed using LSRII FACS analyzers (BD Biosciences) or LSR Fortessa (BD Biosciences) and analyzed using Flowjo software. GENES & DEVELOPMENT Cold Spring Harbor Laboratory Press on March 13, 2017 -Published by genesdev.cshlp.org Downloaded from
Microarray analysis
Total RNA was isolated from four separate technical replicates of primary mouse keratinocytes infected with MSCV and HRas V12 at 6 dpi using an RNAEasy mini RNA extraction kit (Qiagen). RNA was subsequently labeled and hybridized to Agilent 8x60 one-color gene expression arrays. Bioinformatics analysis was performed using Genomatix software (Genomatix Software GmbH). The microarray data have been uploaded to the Gene Expression Omnibus database with accession number GSE93564.
Real-time qPCR and analysis
Total RNA from cultured or FACS-sorted cells was purified using Trizol or an RNAEasy microRNA extraction kit (Qiagen) and reverse-transcribed using qScript supermix (Quanta Biosciences). Real-time qPCR was performed using gene-specific primers (Supplemental Table 2 ) and a LightCycler 480 (Roche). qPCR analysis for vector time-course keratinocytes (Supplemental Fig.  1e ) was performed on the following biological replicates: 6 dpi (n = 12), 8 dpi (n = 10), 10 dpi (n = 9), 12 dpi (n = 8), and 14 dpi (n = 3).
Statistical analysis
Results are presented as mean ± SEM. Statistical significance was determined by the two-tailed unpaired Student's t-test.
